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- • J- MECHANICAL TESTS ON POLYHER IHPREGNATED FIBER REINFORCED BEAMS AND COLUHNS* 
1 J: By H. C. Hehta 
1. Introduction 
The building and construction industry today consumes vast 
quantities of materials. The last twenty years have seen the growth 
of new organic-based materials which have found.gradual, but limited, 
acceptance. In the field of polymer and fiber reinforced concretes, 
the acceptance of new materials is limited primarily due to both high 
material and production cost and general unfamiliarity due to lack 
of meaningful performance data in engineering terms. 
Considerable work has been done at our laboratory (1-6) and 
elsewhere (7-14) in the field of polymer concretes to optimize the 
parameters necessary for developing processes, techniques and meaningful 
.: 
data for engineering application of polymer concrete. Considerable lvork 
has also been done in the field of fiber reinforced concrete to opti-
mize the parameters necessary for its application to construction field 
(15-26). The combination of two structural systems, polymer conctete 
and fiber reinforced concrete, lvill result in the most desirable material 
as both polymers and fibers tend to compensate for the disadvantages 
when miXed together. For instance, impregnation with glassy polymers 
like methyl methacrylate (~~~) produces a stiffer high strength but 
much more brittle concrete where cracks can propagate easily thus 
I 
limiting their use. The addition of steel fibers has been suggested 
(13,21) to make these materials more ductile to improve their usefulness. 
Two energy absorbing mechanisms that work in the failure of fiber rein-
forced concrete are (a) fiber pullout and (b) multiple cracking of 
*Fritz Engineering Laboratory Report No. 414.1, Hay 1976. 
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matrix. The first can lead to substantial increase in work of fracture 
and second to a marked degree of pseudoductility and an increased capacity for 
energy absorption during failure. Thus, the purpose of fiber reinforcing 
the brittle cement matrix is to inhibit crack propagation, increase 
tensile and flexural strength and provide stress relieving mechanism (15). 
However, the strength and yielding of fibers in reinforced concretes 
are not properly utilized due to the failure of bond bet~veen the fibers 
and weak matrix. Considerable attempts have been made to improve the 
efficiency of fibers by increasing the shear strength of fiber-matrix 
interface by chemical, mechanical and alignment of fibers in the direc-
tion of principle tensile stress (15-17). 
Attempts have been made to use polymer impregnation, emulsion 
and resin coatings to improve the bond strength and protect fibers made 
from glass (9,12,18,19,20,24,25) and thus obtain synergistic effect from 
the combination. However, the synergistic increase in the properties 
of such composites is either nonexistent or much less.noticeable perhaps 
due to the bond associated with a group of randomly oriented fibers de-
creasing drastically when the number of fibers pulling out simultan-
eously from the same area increases (17). Thus, the addition to a 
concrete mix of fibers with highly improved bond properties may not 
lead to an equivalent improvement in composite properties. 
Very little work has been done to optimize the bond character-
istics at the interface of fibers and matrix. Therefore, the major 
objective of this paper is to optimize these characteristics by changing 
(a) the strainability of the brittle concrete matrix and (b) the bond 
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properties at the steel fibers and matrix interface by varying the 
properties of polymer used for impregnation from a rigid glassy (high 
MMA content) to a tough and ductile (high butyl acrylate-BA content). 
So as to provide optimum bond for achieving high strength, straina~ 
bility, as well as energy absorption capacity. It has been shown 
before that brittle behavior of polymer impregnated concrete (PIC) can 
be improved vastly by copolymerizing M}~ and BA; the higher the percen-
tage of BA, the greater the ductility but this is obtained at a corres-
ponding decrease in strength and stiffness of high strength brittle PIC (1,2). 
Tests were conducted on polymer impregnated regular and steel 
fiber reinforced slender beam and column specimens to demonstrate the 
usefulness of right polymer mix for impregnation and it is hoped that 
this study will go a long way to fulfill the need for optimizing para-
meters necessary to produce material with greater resisiance to cracking, 
improved toughness and greater stability under adverse environmental and 
loading conditions. It is felt that an effective and intelligent use of 
such material in the area where concrete at present has limitations or 
high rate of failure can lead to greatest cost savings. 
----
2. Experimental Details 
The experimental work was carried out to determine the 
influence of varying the proportion of MMA and BA in the copolymer for 
impregnation of regular and steel fiber reinforced concrete specimens 
upon load deformation behavior, stress-strain behavior, energy absorp-
tion capacity and effect on bond between the steel fibers and cement 
matrix in flexure (beam specimens) and uniaxial compression (column 
specimens) . 
A total of 36, 2x3x32 in. long specimens were cast using 
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three different mixes--Ml, M2 and M3. The mix designs are shown in 
Table 1. All the mixes were thoroughly compacted in the specimen molds 
using external vibration technique. The difference between Ml and M2 
mix is that 20% of cement is replaced by silica flour passing 200 sieve. 
The difference between Ml and H3 specimens ·is that amount of water was 
increased to give a water cement ratio of 0.45 and 1.5% by weight of 
2~ in. long steel fibers of aspect ratio 100 were incorporated. All 
the specimens were steam cured after 5 hours of casting at low pressure 
for 48 hours,demolded and then stored for 15 days in curing room at 
90-100% RH for 15 days before used for testing. 
2.1 Four Point Bending Test on 2x3x32 in. Long Beam Specimens 
A total of 17 specimens consisting of 6 from Ml mix, 5 from 
}[2 mix and 6 from M3 mix were chosen at random for 4 point beam bending 
test. The slender and long beam size was chosen to alleviate the effects 
of shear deformation during testing. The conventional drying, impreg-
nation and polymerization procedure was then carried out on each category 
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of specimens using different proportions of methyl methacrylate (MMA) and 
butyl acrylate (BA). The treatment details are shown in Table 2. Prior 
to impregnation, all the specimens were dried for 24 hours at 250°F. 
The specimens were then cooled and placed in the vacuum pressure chamber. 
The chamber was vacummed for one hour at 29.5 inches of mercury and 
:\·\monomer mix containing 0.5% AZO catalyst was introduced under 
vacuum to fill up the chamber. A pressure of 80 psi was applied for 
2 hours after releasing the vacuum ~or thorough impregnation. The 
specimens were then placed in steam heated hot water bath at 85-90°C for 
3-4 hours for complete polymerization. All the specimens showed 
complete impregnation and polymerization on visual observation after 
completion of the tests. 
2.2 Test Setup 
Conceptual drawing of the test· ·setup is shown in Fig. 1. 
Load was applied at two planes 10 fn. apart and 10 iri. away from the 
supports. The rate of movement of loading head was 0.020 in/min. Strain 
gages were attached on top and bottom surfaces of beam at center to 
measure the stress-strain behavior of :the beam in compression and tension, 
respectively. The uniqueness of the test is that a light aluminum frame 
was used to support LVDT to measure deflection of the beam under load, 
free of support settlements. The frame was supported on two end pins 
placed in precast holes at the ends of the beam as shown in the figure. 
The load was applied through a load cell calibrated just prior to use. 
In this way, a true and complete load-deflection behavior in flexure 
can be recorded until: a complete rupture occurs in the beam. The 
readings from the two strain gages, LVDT and the load cell, were fed 
into multichannel data collection 
- -····-------------.----- ·- -·- -----·----... -----. 
device which punched and printed out the data every 10 seconds. 
fracture behavior of beam specimens is shown in Fig. 2. 
The 
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For the regular concrete rupture occurred almost instantaneously 
as the maximum load was reached, whereas there was substantial deforma-
tion in the fiber reinforced beam after the maximum load as the loading 
was continued. None of the fiber reinforced beams completely ruptured 
and the test on these beams was stopped when a substantial drop occurred 
in the load. 
2.3 Results and Discussion 
A computer program was written to analyze the data and plot 
the load-deflection and stress-strain curves in flexural compression 
and tension. Traditional equations for calcu,lating stress in external 
fiber, secant moduliiat half the maximum load from stress-strain and 
load-deflection curves were used to compare flexural strength and modulii 
for various concretes. The area under the load-deflection curves was 
also computed using the program. The results were spot-checked with 
hand calculations and mechanical area measuring device. The results are 
presented in Table 3 and Figs. 3 through 13. The plots for tests 7 
through 11 are omitted as their behavior follows closely the results of 
similar tests in group 1 through 6. 
2.3.1 Effect of Copolymer Impregnation on Flexural Strength of Regular 
and Fiber Rienforced Concretes 
There is a three-fold increase in flexural strength for 
regular concrete on 100% MMA impregnation. Consequently, as the 
~7 
percentage of MMA is replaced by BA, there is reduction in the flexural 
strength (Tables 2,3; Figs. 3,4,5). However, unlike substantial drop in strength 
observed in compression and to somewhat extent in tension exhibited in 
cylinders (~~. the reduction in fl~xural strength is much less, 
especially after. more than or equal to 40% replacement of MMA by· BA. This is 
speculated to be due to much better properties of tough and flexible 
copolymer layer at the interface of matrix and aggregate. The layer 
yields as maximum stress is reacheq at particular level in bottom half 
of the beam and, in this manner, changing the stress block and allowing 
consequent upper layers to reach maximum stress much in the same way as 
in ductile steel structural members. Thus, much higher loads are 
carried by the member due to this pseudo-plastic behavior of high 
percentage of BA impregnated concrete. The strengths are higher for 
M2 specimens 1 through 6 than for Ml specimens 7 through 11 in same 
category (Tables 2,3) possibly because of beneficial effects of fine 
silica and steam curing. However, Ml specimens show exactly the same 
behavior as M2 specimens. 
On fiber reinforcement of regular control concrete, the 
strength increased by more than 50% (compare test 12 vs. tests 1,7~ 
Table 3). However, on polymer impregnation, high percentage of MMA-
impregnated fiber reinforced specimens showed-slightly lower strength than 
regular impregnated specimens. However, high BA-copolymer impregnated 
fiber reinforced specimens showed equal or better strength than their regular 
counterparts. This signifies, 
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perhaps, that a tough and flexible fiber matrix-copolymer interface may 
be better than a rigid MMA at the interface. Another interesting 
observation is that, not only 60-40 MMA-BA impregnation of fiber 
reinforced concrete gave the highest strength but there is very little 
reduction in strength with higher BA copolymer. 
2.3.2 Effect of Copolymer Impregnation on Load-Deflection and Stress-Strain 
Behavior of Regular and Fiber aeinforced Concretes 
The deflection at m~~imum load for all the beams are shown in 
Table 3. The load-deflection curves for regular concrete and fiber 
reinforced concrete are shown in Figs. 5 and 6 , respectively. In the 
case of regular concrete, all the beams in Ml and M2 category failed 
in a brittle manner as soon as the maximum load was reached in comparison 
to very ductile failure for fiber reinforced concrete specimen~ where 
stresses were transferred to the fibers and energy dissipated by pullout 
or breakage of fibers. 
2.3.2.1 Regular Concrete 
Table 3 gives some of the results obtained in flexure at the 
center of the beam for the maximum stress and strain at maximum stress 
obtained in the outermost fiber. The load-deflection and stress-strain 
behavior (Figs. 3,4,5) for regular concrete beams impregnated with differ-
ent proportion of methyl-methacrylate butyl acrylate (MMA-BA) follows very 
much like that seen in cylinder tests mentioned before with progressive 
increase of rubbery polymer butyl acrylate in the mix. There is progres-
sive increase of straining capacity at maximum load with progressive lower-
ing of maximum strength. The behavior starts changing after crossing 50/50 
mark as the concrete brittle behavior phase starts to dominate so that maxi-
mum benefits in straining capacity 
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are obtained without too much sacrifice in strength within the 40-60 
range for MMA-BA copolymer. The largest deflection at failure 
of three times the control was obtained for 40-60 MMA-BA mix for both 
Ml and M2 specimens, thus demonstrating the increase in ductility and 
straining capacity with BA rich copolymer -impregnated concretes. Also 
incorporation of silica in the M2 mix seems to reduce the straining capa-
city with increase in stiffness when compared to Ml specimens (Table 3). 
Another significant thing to note from Table 3 is that the 
strains at failure in compression zone for Ml and M2 specimens (Tests 1 
through 11) are still in the elastic range and, hence, correspond to the 
load attained. However, the strains for all tough BA rich copolymer.·specimens 
in tension are about the same and three times the control concrete 
strains, besides, being higher than MMA rich specimens, showing that 
pseudo-plastic behavior is, in fact, obtained in tension zone. This 
is probably one of the causes for differences in stress-strain behavior 
in tension and compression for high MMA vs. high BA specimens shown in 
Figs. 3 and 4, although both show linear relationship. The tensile 
strains are always higher for BA rich specimens right from the beginning 
as compared to higher compressive strains for MMA specimen. The 
difference in strains in tension and compression may be attributed 
to a combination of difference in behavior in compression and tension 
for impregnated concrete thus changing the neutral axis, anisotropy in 
material, presence of microcracks and susceptibility of cracking in 
tension for the brittle matrix. 
2.3.2.2 Fiber Reinforced Concrete 
The load-deflection behavior of fiber reinforced concrete 
show a remarkable difference in mode of failure as compared to regular 
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concrete. Not only the deflection and tensile strains at maximQ~ load 
increased by a factor of 3 to 10 (Table 3) but instead of ~rittle rupture for 
regular concrete, fiber reinforced beams continued to carry load and 
deform in the post-cracking stage never rupturing completely in two halves. 
The load deflection curves are shown in Fig. 6. 
Compared to the deviation from linearity for control fiber 
reinforced concrete beam 12, due to cracking of the matrix prior to 
maximum load, all impregnated specimens 13 through 17 show linear load 
deflection and stress strain behavior until maximum load is attained. 
Just after attaining maximum load, there is sudden small drop signifying 
cracking of the impregnated matrix. There is slight increase in load 
after which for MMA and 80-20 }l}lA-BA specimens there is quick and 
substantial drop as the fibers break due to rigid bond at the interface. 
For BA rich specimens much larger plastic yielding occurs at maximum 
as the bond at interface yields and the drop in load carrying capacity is 
much small and gradual. As seen before, maximum benefits in straining capa-
city with very little or no sacrifice in strength are obtained in 40-60 
range for MMA and BA copolymer impregnated regular concrete. Only in this 
case, this effect is even more pronounced when fibers are incorporated in 
the mix as observed from the load-deformation and stress-strain behavior 
in flexure (Table 3, Figs. 6-12). Figure 12 shows the plot of maximum stress 
vs. deflection at maximum load for various copolymer mixes. It is easily 
seen that change in behavior in 60-40 range of copolymers is sharply magni-
fied by incorporating fibers in the matrix. Not only the highest straining 
capacity of 10 times the regular concrete is obtained with 60-40 MMA-BA 
copolymer, but strength higher than 100% MMA impregnated fiber reinforced 
-11 
concrete is also obtained. What is of even more interest, is the post-
cracking behavior of these beams as shown in Fig. 11. By having a 
tough and ductile bond at the interface with 60 to 40 }lliA-BA copolymer, 
much higher load is carried in the post-maximum range as evident from results 
of beam tests 15 through 17. This is because, in the precracking 
stage, the bond is stiff enough to transfer the load to the fibers and, 
as soon as the maximum load is reached, the MMA-BA copolymer at the 
interface slowly yields and in this process, allows the fibers to carry 
the load while being debonded. As opposed to this in regular concrete, 
the fibers are debonded quickly due to weak bond .with consequent quick re-
duction in load carrying capacity after cracking (test 12, Fig. 6). In 
brittle high MMA-impregnated specimens, most of the fibers break as soon 
as the maximum load is reached due to the perfect rigid bond at the inter-
face with consequent quick reduction in po~t-cracking load carrying capa-
city as there are few fibers left to carry the load (test 13,14; Fig~ 6). 
The comparison of fracture behavior of these specimens is shown in Fig. 2. 
Thus, the optimum bond behavior is obtained with 60-40 
MMA-BA at the interface. This is also evident from Fig. 13 where the 
area under the load-deflection curves as a measure of toughness are 
shown for different monomer composition. The hump (signifying increase) 
occur in 60-40 range. Thus, maximum 
benefits are obtained in 60-40 range for MMA-BA copolymer system up to 
and beyond maximum with greatest improvements in the post-cracking 
stage where the benefits of fiber incorporation are properly utilized. 
This shows the importance of tough polymer at interface between ductile 
fibers and brittle matrix. The energy absorbing capacity, as shown in 
Fig. 13, can · be increased by as much as 100 times by optimum com-
bination of fibers and proper choice of copolymer combination. 
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The stress-strain curves for fiber reinforced beams in tests 12 through 
17 are shown in Figs. 7 through 11. Except test 14 on 80-20 MMA-BA 
specimen, strain in compression are higher than in tension till maximum 
load is reached. However, the difference between the strains is very 
small or none at all compared to that exhibited by regular concrete, 
showing that fibers act like crack arresters and also give isotropic 
properties due to random distribution. Also large amount of straining 
occurs at maximum load in tension indicating plastic yielding in the 
tension zone. In the post maximum load range, straining continues 
as load gradually drops for impregnated specimens with the shape of 
tensile stress-strain curve resembling very much the load deflection 
behavior depicted in Fig. 6. 
2.3.3 -.. Effect of Fibers and Polymers on Secant Modulus of Elasticity 
The secant modulus at half the maximum load for each test were 
calculated from load, deflection and strains in compression and tension. 
The results are shown in Table 3. The results for Ml-M2 specimens 
in compression, tension and from deflection measurements agree quite 
closely for most of the cases, the difference in tension and compression 
being attributed ·to the difference in stress-strain characteristics 
exhibited by the members as shown in Figs. 3 and 4. For M3 specimens, 
modulus obtained from load-deflection data is always higher than for 
stress-strain in tension and compression possibly because some shear 
reinforcement is provided by the fibers which probably makes the beam stiff 
against deflection. The secant modulus for each category of M3 specimen 
is lower compared to Ml and M2 specimens because of incorporation of 
long fibers and improper consolidation in the mold which is also 
reflected in much higher polymer loading (about twice) for M3 specimens 
compared to Ml and M2 specimens. However, in all cases, highest 
increase in modulus is obtained with MMA impregnation with consequent 
reduction in the value as the percentage of BA increased in the mix. 
--· ·----··-·--·· --·-----·---·---~ ---- -·"'~-·-·--·- -- -· ---·- .... - ---
. -~- . ...--- - . .-.-.--- -· -- --
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3. Uniaxial Compression Test on 2x3x2 in. Column Specimens 
The specimens for column test were chosen at random and 
polymer impregnated using the same procedure followed for beam specimens. 
The details are given in Table 5. The specimen dimensions were measured 
follm.;ring the treatment but prior to column test setup and are shown in 
Table 4. The tests were conducted to see the effects of copolymer 
mixture and fiber reinforcement on strength, deformation, ductility and 
plot load-deflection curves and envelopes for column specimens. 
3.1 Test Setup 
The specimens were tested as columns with an eccentricity of 
~ inch with bending occurring in the weak direction. The test setup is 
shown in Fig. 14. To get roller support at both ends, pivots were 
attached to the head and base of the 300 kips testing machine. The 
specimens were capped with hydrostone to get smooth and parallel planes 
and then placed in the machine. A wire was attached and tightened to 
the center of the column. This was in turn attached to a potentiometer 
so that, as the wire was drawn out by the deflection of the column, the 
electrical potential changed. The signal from the potentiometer and 
load cell in the machine were fed to the automatic X-Y plotter and full 
load deflection behavior for each specimen obtained. 
3.2 Results of Column Specimens 
Maximum load and deflection at maximum load are shown in Table 
5. Typical load-deflection curves for polymer impregnated, regular 
concrete and fiber-reinforced concrete specimens are shown in Figs. 15 
and 16, respectively. The load deflection curve$ for control regular 
and fiber reinforced concretes and the respective envelopes are shown in 
Fig. 17. 
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3.2.1 Discussion 
The strength-ductility characteristics obtained in uniaxial 
compression and tension on 3x6 in. cylinders (ll) and 2x3x30 in. beams 
in flexure are again exhibited in column tests. The highest improvement 
in strength is obtained with 100% MMA impregnation of about three times 
of regular concrete and about the same with both 100% }ll1A and 50-50% 
MMA-BA for fiber reinforced concretes. Test 30 with 50-50 MMA-BA 
impregnation gave highest strength and good post maximum load behavior 
as shown by beam test 15 (Table 3), confirming the observation in flexure 
that a tough yielding bending at the matrix fiber surface is the desired 
bond characteristic. 
From Fig. 17, it is easily seen that ductility is vastly 
improved for all types of concretes by fiber reinforcement. However,_ 
compared to regular impregnated concretes; there is a substantial drop 
in the ultimate strength by fiber reinforcement (Table 5) in compression 
as compared to very little or no drop in flexural strength (Tables 2,3) 
by fiber reinforcement. This confirms the observation made by Gunasekaran (23) 
that in the composites subjected to longitudinal compressive.loads, 
the fibers may buckle inside the matrix under loads which are lower than 
the ultimate compressive loads. As the fibers 
buckle within the matrix, they tend to create zones of discontinuity· 
at points of maximum deflection in the fibers causing a substantial reduc-
tion in ultimate load. Thus, the use bf fiber reinforcement in compression 
zone is warranted only if ductility is desired but this will happen at the 
expense of strength. 
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Other Experiments 
Other indirect measure of increas·e in toughness by incorporating BA 
in the monomer mix was obtained by running machinability test on 4x4x6" 
concrete block samples in our laboratory. MMA samples were impregnated 
with ~10% TMPTMA+0.5 AZO catalyst, MMA-BA samples with 60% MMA+40% BA 
+10% 1}~TMA+0.5 AZO catalyst using standard vacuum impregnation poly-
merization technique. The average loading obtained was 6.9% by 
weight of dry concrete. DOWSER latex concrete samples were also pre-
pared for comparison purpose. The mix details are given in Table 6. 
A single spindle drill press having variable speeds, feeds 
and settings for different depths of cut was used for the test. The 
torque produced during the drilling operation was measured through a 
dynamometer attached to the torque sensitive mechanism. The output in 
millimeters was converted to torque units of force by calibration. 
Short Tungsten carbide tipped drills 4x~"cp were found suitable for 
drilling and following drilling procedures was used. 
1. Set cutting conditions: speed of 1600 rpm; feed rate of 
.075 ipr; depth of cut, 2"; drill 4x:!z;"cp, carboloy, craftsman 
2. Mount concrete blocks and tighten vise 
3. Balance dynamometer (place hairline on zero position). 
4. Turn drill on, lower spindle and lock on starting position 
5. Measure torque continuously 
6. Watch for unusual circumstances: excessive deflection of 
tool or breakage of tool; stop drill 
7. Turn drill to off position 
8. Repeat process for each block 
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Average and highest torque required for each case was measured. The 
results are shown in Table 7. The average torque vs. strength obtained 
from 3x6" cylinders are shown in Fig. 18. From the results it is evident 
that polymer impregnated concretes gave more uniform readings as impreg-
nation tends to produce homogeneous material. On the other hand, 
regular and late·x concretes are nonhomogeneous both in strength and 
material with inclusion of air voids and, consequently, the results are 
erratic and much more varying. However, one thing that stands out 
clearly is that, increase in strength of concrete due to MMA impregnation 
has no effect on machinability but it is felt the toughness of the material 
aspects. ·The machinability sustantially easiest to drill of the four 
concretes was the }iliA-concrete and hardest was the MMA-BA concrete. The 
brittleness of MMA seems to ease the torque required for drilling as the 
drill affects only a small area of concrete and breaks and removes brittle 
material quicker than tough material which tends to absorb the drilling 
forces and adhere to the surrounding matrix. Latex concrete showed 
large variations in results but average torque required was slightly 
. higher than regular concrete as shown in Fig. 18. 
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Conclusions 
Perhaps the most important conclusion that may be drawn for 
this study is that the greatest benefits in flexural strength, straining 
capacity and energy absorption capacity are obtained by impregnating 
with a tough mix of MMA-BA copolymer in 60-40 range. Such impregnation 
not only increase the failure strain of brittle cement matrix, but also 
produce a tough bond at fiber-matrix interface which in the post-cracking 
stage, is able to transfer load to ~he fibers and yet yield slowly to 
absorb the energy produced during deformation. The increase in modulus 
of elasticity can be had up to twice, flexural strength up to 3 times, 
failure strains up to 9 times, deflection at maximum load up to 9 times 
and area under the load-deflection curve as a measure of toughness up 
to 100 times.by a proper combination of MMA-BA copolymer for impregna-
tion and 1.5% steel fiber by weight as reinforcement for regular concrete. 
(2) All polymer impregnated regular concrete specimens failed 
suddenly in a brittle manner. This sudden and brittle failure was 
contained by fiber reinforcement which did not allow the specimens to 
completely rupture in two. 
(3) Use of fibers in compression is delerterious in both impreg-
nated and non-polymer impregnated concrete. The strength reduced 
substantially perhaps due to fiber debonding and buckling and use of 
fibers in compression is warranted only if ductility is desired. 
(4) It is relatively easy to drill brittle MMA impregnated 
concrete. On the other hand it is most difficult to drill tough MMA-BA 
impregnated concrete. It is felt that the torque required to drill 
has direct dependence on the toughness of concrete for the particular 
parameters used in the study. 
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Table 1 Mix Design for Ml, M2 and M3 Specimens 
Mix 
Item 
Cement, Type 1 (lbs) 
Silica Flour (lbs) passing (200 sieve) 
Water (lbs) 
Manufactured Silicious Sand (lbs) 
Pea Gravel (3/8") (lbs) 
2~x0.025"cp Steel Fibers ·(lbs) 
Air Content (%) 
Slump (in) 
1 Steam cured at low pressure for 48 hours 
Ml 
53.6 
19.5 
75.0 
64.0 
3 
3 
and then 15 
M2 
44.5 
11.1 
18.0 
75.0 
64.0 
2 
3 
days in 
-21 
M3 
53.6 
24.1 
75.0 
64.0 
3.2 
3 
<~ 
90-100% RH 
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Table 2 Dimension and Polymer Treatment Data for Beam S~ecimens 
Monomer Mixture Percent 
Width Depth Percent Percent Polymer 
Test Beam {in2' {in} MMA BA . Loading 
1 M-2 No. 9 2-2/64 3-6/64 Control 
2 M-2 No. 2 1-62/64 3-7/64 100 6.42 
3 M-2 No. 5 1-62/64 3-8/64 60 40 7.14 
4 M-2 No. 7 2-1/64 3-7/64 40 60 6.62 
5 M-2 No. 3 1-62/64 3-8/64 80 20 6.85 
6 M-2 No. 8 1-59/64 3-5/64 20 80 6.62 
7 M-1 No. 11 2-1/64 3-'4/64 
8 M-1 No. 2 1-61/64 3-7/64 100 6.85 
9 M~l No. 5 1-62/64 3-4/64 80 20 7.22 
10 M-1 No. 7 1-60/64 3-4/64 60 40 7.19 
11 M-1 No. 8 1-59/64 3-7/64 40 60 6.90 
12 M-3 No. 6 2-1/64 2-62/64 
13 M-3 No. 2 1-63/64 3-5/64 100 13.6 
14 M-3 No. 1 1-63/64 3-14/64 80 20 15.8 
15 M-3 No. 3 1-63/64 3-6/64 60 40 13.0 
16 M-3 No. 12 2 3-11/64 50 50 15.4 
17 M-3 No. 4 2-6/64 3-7/64 40 60 14.0 
Test 
IF 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
' 
Table 3 Flexural Strengthz Deflectionz Strain and Modulus of Elasticit~ Data for· Beam SEecimens 
Area Under 
Deflection Load-Deflection Secant 
at Strain At Curve ~lb-in} Modulus 
Maximum Flexural Maximum Maximum Up To Total xl06 
Load Strength Load Load xl0-6 Maximum Up To Tension Compression Deflection 
{lbs} ~Esi2 {ins2 ComEres sion Tension Load [:).r::s0,5" Gage Gage (LVDT} 
422 651 0.012 165 198 4.87 3.13 3.54 3.56 
1630 2597 0.0283 510 440 22.41 5.81 5.25 5.80 
1221 1905 0.0259 380 570 16.42 3.05 4.95 4.60 
1371 2084 0.0395 450 510 33.38 4.00 4. 77 3. 69 . 
1445 2255 0.0270 500 510 19.12 4.24 5.00 5.19 
974 1604 0.0300 450 500 15.75 3.33 3.07 3.54 
429 681 0.0197 210 380 3.97 1. 61 3.28 2.70 
1417 2251 0.0267 420 400 18.09 5.26 4.88 5.23 
1414 2297 0.0278 460 15.26 5.02 5.59 
1511 2494 . 0. 0350 530 460 23.72 l •• 96 4.57 l •• 6 7 
1080 1743 0.0429 710 720 22.98 3.10 3.79 3.26 
632 1067 0.0538 780 780 30.28 168.57 1.33 1. 37 2.76 
1421 2268 0.0437 720 no 42 .'86 220.00 3.66 4.20 4.28 
1391 2030 0.0449 720 900 37.14 165.70 2.23 3.05 4.01 
1503 2374 0.1140 600 2000 133.71 425.72 3.15 3.05 3.27 
1366 2036 0.1374 1050 1800 171.43 374.28 2.09 2.02 3.59 
1260 1867 0.0610 1780 1100 60.00 268.57 1. 91 2.00 3.79 
' N 
VJ 
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Table 4 S~ecimen Geometry Data for Column Seecimens 
Average Average Average 
Test Length Depth Breadth Area 
iff Specimen ~in2 ~in2 ~in2 {ina 2 
18 M-1 ::=4 (control) 31-7/8 3.002 1.925 5. 77 
19 M-1 ·i=l 31-15/16 3.091 1.964 6.07 
20 M-1 ~'}3 31-7/8 3.072 1.981 6.08 
21 M-1 46 31-15/16 3.006 2.006 6.03 
22 M-2 ~no (control) 32 3.131 2.003 6.27 
23 M-2 f.=4 31-15/16 3.107 1.941 6.03 
24 M-2 :;'}6 31-7/8 3.078 2.002 6.16 
25 M-3 :{f7 (control) 32 3.101 2.014 6.25 
26 M-3 ::'J:5 (control) 32 3.122 1.942 6.06 
27 M-3 7f8 31-13/16 3.045 1.928 5.87 
28 M-3 :ff9 31-15/16 3.097 1.978 6.12 
29 M-3 {}10 31-7/8 3.123 1.933 6.04 
30 M-3 ffll 31-15/16 3.084 1.942 5.99 
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Table 5 Polymer Treatment and Strength Data for Column SEecimens 
Honomer Hixture Polymer Maximum Deflection at 
Test HHA-BA Loading Load Maximum Load 
ffo TyEe {%2 {%2 {lbs2 {ins2 
18 Ml 14,850 0.20 
19 Ml 100-0 7.12 39,600 0.34 
20 Ml 80-20 7.48 36,560 0.24 
21 Ml 60-40 7.05 33,100 0.35 
22 H2 18,550 0.18 
23 H2 80-20 6.73 26,400 0.12 
24 M2 60-40 6.62 16,800 0.24 
25 M3 8,400 0.35 
26 M3 8,000 0.36 
27 M3 100-0 12.9 21,800 0.20 
28 H3 100-0 12.4 20,500 0.50 
29 M3 50-50 13.2 19,250 0.44 
30 M3 50-50 12.0 26,900 0.48 
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Table 6 Concrete Hix Data for Block Specimens 
Weight 
Component (lbs) Mix Mix Properties 
Cement 
ifl Water
1 
Coarse Aggregate 
Fine Aggregate 
Cement 
112 DOWSBR Latex 
Coarse Aggregate 
Fine Aggregate 
50.0 
25.0 
74.6 
98.0 
23.5 
12.0 
39.75 
75.6 
w/c = .5 
Air Content = 7% 
Slump = 8 in. 
w/c = .22 
Air Content = 4.5% 
Slump = 4 in. 
1 11.0 cc of Darex was added with the water in mix 1 as an air entraining 
admixture. 
Note: Type I cement was used for both mixes 
Coarse aggregate was 3/8 in. stone 
Fine aggregate has a fineness modulus of 3.17 (see Table 2 for 
this calculation) 
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Table 7 Concrete SEecimen Drill Torgue Data 
HMA & BA Control MMA Latex 
Average Highest Average Highest Average Highest Average Highest 
{mm21 {mm2 {mm2 {mm) {mm2 {mm} {m.rn2 {mm} 
8.0 8.0 9.0 21.0 3.0 6.0 10.0 22.0 
12.5 14.0 7.0 11.0 5.0 7.0 7.0 15.0 
12.5 14.0 7.5 11.0 3.0 5.0 8.0 15.0 
12.0 16.0 15.0 18.0 5.0 8.0 7.0 10.0 
12.0 13.0 14.0 17.0 6.0 8.0 8 .. 0 22.0 
11.5 11.5 12.0 18.0 15.0 22.0 8.0 20.0 
12.0 14.0 15.0 20.0 4.0 6.0 5.0 12.0 
13.0 18.0 21.0 26.0 16.0 28.0 3.0 8.0 
12.0 15.0 10.0 13.0 15.0 25.0 11.0 27.0 
19.0 26.0 7.0 10.0 10.0 15.0 10.0 16.0 
22.0. 32.0 7.0 12.0 8.0 10.0 15.0 38.0 
17.0 19.0 6.0 9.0 8.0 16.0 12.0 17.0 
19.0 21.0 8.0 8.0 6.0 11.0 10.0 20.0 
18.0 21.0 6.0 8.0 5.0 8.0 11.0 23.0 
17.0 32.0 5.0 6.0 8.0 9.0 17.0 31.0 
20.0 25.0 5.0 11.0 8.0 13.0 10.0 ·40.0 
25.0 30.0 5.0 8.0 8.0 12.0 8.0 13.0 
16.0 22.0 11.0 19.0 6.0 25.0 
5.0 5.0 .. 8.0 9.0 5.0 9.0 
14.0 17.0 4.0 7.0 6.0 16.0 
8.0 8.0 3.0 5.0 10.0 25.0 
7.0 9.0 11.0 14.0 
10.0 12.0 6.0 9.0 
20.0 25.0 7.0 10.0 
11.0 13.0 12.0 36.0 
13.0 16.0 5.0 8.0 
17.0 22.0 9.0 17.0 
22.0 27.0 
12.0 16.0 
15.0 20.0 
1 Conversion to in-1bs mmx2.25 to get the torque required to drill. 
End Pin 
Roller 
Support 
Load 
10 11 1011 
LVDT(Deflection 
Measuring Device) 
1011 
I-Beam 
CD,®,®,@-To Data Recorder 
·-.: i .. -···-- - --- -·----- --- -~-- -·-----~--- .-.- -
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Fig. 1 Conceptual Drawing of Four Point Bending Test for Beam Specimens 
-· ·-:---·· -·- ~ -- - - -- -----
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Fig. 2 Fracture in (A) Regular Fiber Reinforced Concrete (B) 50-50 
MMA-BA Impregnated Fiber Reinforced and (C) 100-MMA Impregnated 
Fiber Reinforced Concrete. Note the fiber pullout in (A) and 
(B). Also note extensive cracking in cement matrix in (A). 
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Fig. 3 Stress-Strain Curves in Compression and Tension for Regular 
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Fig. 12 Maximum Stress vs. Deflection of Maximum Load for Different 
Monomer Composition for Regular and Fiber Reinforced Concrete 
Beam Specimens 
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Fig. 14 Conceptual Test Setup for Testing Concrete Column Specimens 
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